Abstract. Iron losses of grain-oriented electrical steels, is sensitive to the distortion of the supply voltage waveform of the excitation winding. As a result, magnetic cores of electrical machines and transformers manufactured of grain-oriented electrical steels present significant increase of iron losses when working under distorted supply voltage waveform. In the present paper, an experimental apparatus is developed in order to evaluate the effect of distorted supply voltage waveform on iron losses of grain-oriented electrical steels. Also, a theoretical analysis based on the hysteresis design tool of Matlab and the finite element method considering hysteresis is carried out.
Introduction
The deterioration of the power grid voltage waveform is caused by industrial and domestic loads, e.g. switch mode power supplies that inject current harmonics in the power grid. Iron losses of the magnetic cores of electrical machines and transformers are increased significantly when the aforementioned are working under distorted supply voltage waveform conditions [1] . The accurate evaluation of iron losses of grain-oriented electrical steels subjected to distorted supply voltage conditions is of great importance for electrical machines and transformer manufacturers as it will aid in designing technically and economically optimum products [2] .
In the present paper an experimental apparatus is developed for the accurate evaluation of the supply voltage harmonic impact on magnetic core operation. It is based on a data acquisition (DAQ) system, high accuracy voltage and current probes, and a programmable voltage source supply. Particular emphasis is given to the generation of specific voltage waveforms that simulate the distorted line-to-neutral and line-to-line voltage waveforms of the power grid. Also, a theoretical analysis based on a Matlab model and a finite element (FE) code integrating an inverse hysteresis model is presented [1] , [3] , and [4] .
Experimental setup
A 16 turn excitation coil was supplied from a programmable ac power supply (California Instruments MX30) in order to magnetize a number of magnetic cores with different voltage waveforms [4] . The magnetic cores are constructed of conventional grain-oriented or high magnetization grain-oriented electrical steel [5] , [6] . The experimental setup is shown in Figs. 1, 2 .
The voltage across the excitation coil terminals was captured using active differential voltage probes. Furthermore, current probes based on the Hall Effect were used for capturing the magnetizing currents. The voltage and current probes were designed and manufactured by the authors at the Laboratory of Electrical Machines at National Technical University of Athens (NTUA) [1] . The circuit analysis of the probes was carried out by using OrCAD-PSpice. Both probes are depicted in Fig. 2 .
The output of the probes was connected to a noise rejecting, shielded BNC I/O connector block (BNC-2110) via passive probes. A noise rejecting, shielded cable connects the DAQ device directly to the BNC-2110 connector block.
The DAQ device used was National Instruments (NI) 6143. NI 6143 has 8 differential channels, a maximum sampling rate of 250 kSamples / s per channel analog input, and a ±5 V analog input signal range. Finally, the DAQ device was placed into a PCI slot of a desktop PC [1] , [4] .
Manipulation of the captured data was carried out using three virtual instruments (VI) created with the use of LabVIEW software. The purpose of the first VI was the real-time measurement, of the excitation coil voltage and magnetizing current waveforms, fast Fourier transform (FFT), peak, rms, and THD values. The second VI was used for capturing the voltage and magnetizing current waveforms and FFT, for two periods of the fundamental frequency and for the maximum sampling rate of the DAQ device. The third VI was used for manipulating the acquired voltage and current data in order to compute the iron loss.
The absolute error of the experimental setup is within ±0.5 % and it allows the evaluation of the harmonic impact on iron loss even in cases of distorted supply voltage waveforms of low THD.
The experimental setup was also used for local flux density measurements in order to evaluate the FE computed flux density distribution of magnetic cores [7] - [10] . Two turns search coils wound around the total width of the steel sheet, were inserted in order to determine the peak flux density distribution along the limb, yoke and corner of the wound cores. The voltages induced in the search coils were captured by directly connecting the search coils into the NI6143 DAQ card inputs. 
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Theoretical analysis
The Matlab model of Fig. 3 , used for the iron loss analysis of magnetic cores uses the "Saturable Transformer" block from the SimPowerSystems library of Simulink [4] . The "Simulate hysteresis" option of the "Saturable Transformer" block was selected and the parameters of the hysteresis model were set using the graphical user interface of the "hysteresis design tool". The value of the parameters for the conventional grain oriented electrical steel M4 and the high magnetization grainoriented electrical steel (lamination thickness 0.27 mm) were used. The excitation coil input voltage was modeled either directly by inserting experimental data to a 1D lookup table, or by using a function block. The output of the model is the magnetizing current of the "Saturable Transformer" block and the specific iron losses i.e., iron losses per mass of electrical steel. The hysteresis model adopted by the authors and integrated to the FE method is similar to the Jiles-Atherton model, but the independent variable is the flux density B instead of the magnetic field H [3] . In this way the hysteresis model can be integrated in the two dimensional (2D) FE analysis, where B in each element can be directly evaluated by the curl of the magnetic vector potential A [11] , [12] . Simplicity, computational efficiency, and ease of implementation are its main advantages in contrast with other hysteresis models like the Preisach. According to [3] , H is partitioned in two components the anhysteretic AN H , and the hysteretic H H as shown in (1), and H H is divided in two parts, one associated with the irreversible part of wall domains motion HW H , and one associated with the reversible motion of wall domains RET H . As a result, the magnetic energy of the hysteretic component H H , is given by (2) . In 2D FE analysis the Poisson's equation is solved which is a function of the magnetic vector potential and the reluctivity. When hysteresis is taken into account, numerical difficulties arise due to the discontinuity of the reluctivity when B is equal to zero. The aforesaid problem is tackled by considering the constitutive equation (3) for ferromagnetic materials [11] , [12] .
. Figs. 6, 7 show the sinusoidal voltage waveform and the resulting experimental and simulated magnetizing current respectively. The impact of the sinusoidal voltage waveform, on iron loss and the harmonic content of the magnetizing current, is less significant than that of the rest of the distorted voltage waveforms [13] . 
Conclusion
The phase of the voltage harmonics relative to the fundamental, as well as their amplitude influences the iron losses of magnetic cores. The paper clearly demonstrates that the higher harmonic content of deformed line-to-neutral and especially line-to-line voltage waveform has an adverse effect on the iron losses of magnetic cores. Measured and computed iron loss agrees within 10% and 5% using the Matlab hysteresis and the improved FE models respectively.
